and shows promise for the development of highly active and robust catalysts based on nickel.
INTRODUCTION
Cross-coupling reactions are one of the most versatile and powerful tools in modern synthetic chemistry. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 With a wide range of applications, including the production of precursors for materials chemistry, pharmaceuticals and other fine chemicals, these reactions have become very important in both academia and in industry. Their practical application required the development of efficient catalysts, which was recognized with the Nobel Prize in Chemistry awarded to Heck, Negishi and Suzuki in 2010. 17, 18 Working with Miyaura, Suzuki reported the catalytic reaction now known by their names ( Figure 1 ). 19 In this reaction, a palladium catalyst promotes the C-C coupling of an organic R-X electrophile, e.g. an aryl halide, with an organoboron R'-BY2 nucleophile, e.g. a boronic acid, in the presence of a base.
Beyond the catalytic advantages, i.e. milder conditions and wider scope from boosted kinetics, this reaction benefits through the use of organoboron compounds, which are cheap, relatively non-toxic and easy to separate. 
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The reaction originally reported by Miyaura and Suzuki in 1979 stands out for the simplicity of the precatalyst used: Pd(PPh3)4. 20 In the last fifteen years, the quest for higher catalytic activity yielded a variety of fancier precatalysts, including those reported by Fu, 21 Hartwig, 22 Colacot, 23 Nolan, 24 Organ, 25 Buchwald 26, 27 and Hazari 28 ( Figure 2 ). Many of these complexes are active for related cross-coupling reactions, including the Heck, 29 Negishi 30 and Buchwald-Hartwig reactions, 24 and have a common feature; i.e., they start as Pd(II) complexes with the same Pd:L 1:1 ratio found in monoligated Pd(0)-L (L = phosphine or NHC), which is the postulated active species in most catalytic reactions. 31 Indeed, the development of these precatalysts has been largely based on mechanistic knowledge. The "textbook mechanism" of the Suzuki-Miyaura coupling (SMC) is shown in Figure 3 (on-cycle part). The catalytic cycle starts with the oxidative addition of the electrophilic substrate to Pd(0)-L. This yields a Pd(II) intermediate which undergoes transmetallation with the base-activated organoboron compound. The coupling product is formed by reductive elimination from the (R)(R')Pd(II)-L species. This mechanism has been thoroughly studied by both experimental and computational methods and subtle variants have been proposed, depending on the specific nature of the catalyst and reactants involved in each case. 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44 Despite this mechanistic complexity, one catalyst design strategy has clearly emerged as a winner; i.e., to increase both the donor capacity and steric bulk of the ligand, which, in principle, should favor the on-cycle oxidative addition and reductive elimination steps, respectively. Further, these two factors also promote the productive off-cycle activation of the catalyst, which involves the formal reduction of the Pd(II) precatalyst to the Pd(0) active species.
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A rational approach to the development of new catalysts and the improvement of existing systems requires a deep knowledge of the overall catalytic cycle. In general, off-cycle chemistry is not as well understood as on-cycle reactions because most studies have followed the logic of focusing only on the productive part of the mechanism. Traditionally, these studies have tried to identify the on-cycle turnover limiting step and aimed catalyst design at its acceleration.
Sophisticated models based on quantum mechanics calculations have been used for this purpose,
including the energetic span model 56, 57 and reaction networks. 58, 59 However, these models may not work or yield results that are not fully satisfactory. This problem can originate from complex rate laws depending on the kinetic parameters of several reactions, including those that are off-cycle. 60 One interesting feature of the latter is that, like the on-cycle, they are often not specific for a single catalytic reaction but rather general to several reactions. E.g., precatalyst activation by formal Pd(II) → Pd(0) reduction in the SMC is also relevant in the Heck and Negishi couplings, since they also required the formation of a Pd(0) species which will undergo oxidative addition. Further, the intermediate oxidation state I is also relevant in nickel-catalyzed cross-couplings because monomeric Ni(I) species can have a detrimental effect on catalysis. 61 The deactivation mechanisms of catalysts based on 4d and 5d metals can thus provide useful insight for the development of new systems based on the cheaper and less toxic 3d metals. 62, 63, 64, 65, 66, 67 Despite the biased attention of mechanistic studies towards on-cycle steps, a fair amount of data is already available for off-cycle deactivation reactions. The topic was recently reviewed by
Crabtree, who classified these reactions on the basis of their cause, including ligand-centered reactions and inhibition by different agents, and discussed how they can be excluded or mitigated. 68 However, experimental evidence on these processes is still scarce because they 8 involve highly reactive intermediates that are difficult or impossible to characterize. In this scenario, computational chemistry is a powerful tool to increase understanding of off-cycle chemistry, due to its ability to characterize both transition states and intermediates. Further, the excellent accuracy/cost ratio already achieved by DFT methods now allows combining computational and experimental studies towards a common goal, in a parallel and symbiotic manner. 69, 70, 71, 72, 73, 74, 75, 76, 77 Most of these studies have been enabled by state-of-the-art DFT The latter combines implicit (continuum solvent; e.g. SMD model) and explicit (discrete coordinating molecules) solvent representations, which are used both in geometry optimization and energy refinement. 84, 85, 86, 87, 88 This Perspective focuses on the development of precatalysts for cross-coupling reactions based on the study and optimization of off-cycle reactions. Recent examples have been selected to illustrate how both experiments and computations were used (and often combined) to provide a rational approach to catalyst design in this novel context. The activation mechanisms of palladium precatalysts and their relation to dimerization are presented. The more recent application of this approach to the optimization of catalysts based on nickel is also discussed.
Pd(II) → Pd(0) ACTIVATION OF PRECATALYST MONOMERS
Since most of the catalytic systems shown in Figure 2 involve the use of Pd(II) complexes, cross-coupling requires their activation by formal reduction to Pd(0) (Figure 3 ). For optimal catalysis, this reaction should be both exoergic and fast. With Pd-allyl precatalysts, different activation mechanisms have been proposed on the basis of the olefin byproducts observed, which depend on the nature of the ancillary ligands and the reaction conditions (e.g. base and solvent used). 89, 90, 91 The activation of Pd(II) Pd(IPr)(Cl)(allyl) and Pd(IPr)(Cl)(indenyl) precatalysts to Pd(0) in the presence of alcoholic solvents was studied in detail by Melvin and co-workers, combining theory with experiments. 92 As shown in Figure 4 for the allyl ligand, the activation mechanism starts with the substitution of the chloride ligand by methoxide, which forms upon deprotonation of the solvent by the t BuOK base. For all ligands considered in this study (allyl, cinnamyl, indenyl and 1-t Bu-indenyl), the substitution reaction follows a dissociative rather than associative mechanism. Once the methoxide is bound to the metal center, the formation of the olefin and carbonyl products detected in the experiments requires transferring one hydride to the allyl. A possible reaction pathway involves -H elimination followed by reductive elimination ( Figure   4a ). 93, 94 Though the latter step is facile, being both exoergic and low-barrier (GRE = -17.6 and ). In agreement with this, experimental kinetics based on the use of dvds (divinyl-1,1,3,3-tetramethyldisiloxane) as a Pd (0) trap, showed that the activation of the indenyl precatalysts was faster than that of the allyl. 
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In addition to the H-shift mechanism, the addition of the base to the allyl group followed by reductive elimination of the ether has been proposed. This reaction may occur following two different pathways: 1) intramolecular addition of the alkoxide, which has been previously coordinated to Pd by ligand exchange, or 2) direct intermolecular addition of the alkoxide to the allyl ligand. 96 In a computational study, Meconi and co-workers found a low-energy pathway only for the former mechanism, involving the IPr carbene ligand and t BuO -as base. 97 The energy barriers for different allyl ligands ( Figure 5 ) followed the trend allyl > prenyl > crotyl > cinnamyl. However, when using the bulky phosphine Q-Phos instead of IPr, the crotyl system outperforms both the allyl and cinnamyl in the amination of aryl bromides. 98 Based on the crystal structure of the different substituted-allyl precatalysts, this preference was ascribed to the higher accessibility of the crotyl ligand in the direct intermolecular addition of the alkoxide. 
Pd(I) → Pd(0) ACTIVATION OF PRECATALYST DIMERS
The formation of Pd(0) species from air-stable Pd(I) dimers under basic conditions allows for using the latter as cross-coupling precatalysts. 99, 100 This strategy has been explored by the group of Schoenebeck using the complexes [(P t Bu3)Pd(µ-Br)]2 and [(P t Bu3)Pd(µ-I)]2 ( Figure 6 ), which also work as on-cycle catalysts for the coupling of C-S and C-Se bonds. 101, 102 In a combined experimental-computational study using [(P t Bu3)Pd(µ-Br)]2 as a precatalyst, different product selectivities were observed depending on the solvent polarity: while the C-OTf bond of the organic electrophile was preferentially activated in acetonitrile, the C-Cl bond was activated in THF. 103 dimer precatalyst yields monomer active species in the Pd(0) oxidation state rather than in the Pd(I). However, thermodynamic calculations on different dissociation pathways starting from the dimer showed that Pd(I) monomer products are preferred over Pd(0) and Pd(II). In order to gain further insight into the activation mechanism of [(P t Bu3)Pd(µ-Br)]2 to generate Pd(0) active species, the reactivity of this dimer was studied by Aufiero and co-workers using different bases. 105 In the presence of KF and aryl-boronic acids in THF, [(P t Bu3)Pd(µ-Br)]2 is converted to [Pd(PtBu3)2] and Pd-black. Under the same conditions, the addition of arylchlorides yielded SMC products with high conversions. These observations were consistent with the activation of the dimer to Pd(0) in the presence of a base. In line with this, the rather inactive and air-stable [(P t Bu3)Pd(µ-I)]2 dimer was also activated using stronger bases such as t BuOK.
The combination of this base with the [(P t Bu3)Pd(µ-Br)]2 dimer yielded larger amounts of Pdblack during catalysis. This indicated that a careful selection of the base is required to modulate the rate at which the Pd(0) active species is generated to prevent its off-cycle decomposition, yet maximizing the on-cycle activation of the electrophile. Experiments using a series of different nucleophiles across the Mayr scale (Nuc in Figure 6 ), 106 established the minimum nucleophilicity required for the activation of the -Br-and -I-Pd(I) dimers (Nuc = 10.5 and 16.1, respectively).
In addition to alkoxy bases, nucleophilic organometallic complexes such as Grignard reagents can be used to activate these precatalysts.
Following these studies, Kalvet and co-workers showed that [(P t Bu3)Pd(µ- studies by the Schoenebeck group showed that these observations may also indicate that the dimer, which exchanges Br -by I -via reversible oxidative addition, is the on-cycle catalyst, without requiring off-cycle activation. 109, 110 This would involve either the formation of dinuclear aryl intermediates, related to the species observed with nickel by Matsubara and co-workers, 111 or the dissociation of the dimer into Pd(II) monomers after oxidative addition.
CATALYST DEACTIVATION BY FORMATION OF Pd(I) DIMERS
In the same way that Pd(I) dimeric precatalysts can be activated by disproportionation to Pd (0) and Pd(II) species, 112, 113, 114, 115, 116 . 120 A combination of experiments and computations showed that, due to steric effects, the syn and anti conformations of the R 1 -allyl are preferred by the Pd(II) monomers and Pd(I) dimers, respectively, for both the crotyl (R 1 = Me) and cinnamyl (R 1 = Ph) substituted-allyls, in agreement with the structures obtained by X-Ray crystallography. The calculations also predicted that the comproportionation reaction is exoergic, with Gcom < -13 kcal mol -1 , in line with experiments showing the spontaneous formation of the dimers from the monomers, under both stoichiometric and catalytic conditions. Gcom was found to be sensitive to the nature of R 1 , which has a significant impact on the equilibrium constant of the isodesmic reaction shown in eq. 1.
E.g., with R 1 = Ph, the calculations yielded Keq(25°C) = 1091 for eq. (1), meanwhile the equivalent crossover experiment yielded Keq(25°C) > 100, with the reactants below the GC detection limits. The influence of the stereoelectronic properties of the allyl substituent on dimerization was investigated in a more systematic manner for the C-2 position (R 2 ). 54 In These studies showed that the dimerization thermochemistry and kinetics depend on the nature of the allyl R 1 and R 2 substituents, which can be used to enhance catalysis by preventing comproportionation. This added a new perspective to the hypothesis of Nolan, which suggested that the increasing R 1 = H < Me < Ph efficiency of the Pd(II) precatalysts was due to the weakening of the Pd-allyl bond favoring activation to Pd(0). 24 Hence, the substituents on the allyl ligand can be exploited in catalyst design to modulate both precatalyst activation and catalyst deactivation. The use of -acidic isocyanate ligands in Pd(Cl)(allyl)(L) (L = Ar Dipp2 CN) was shown to promote the formation of highly stable dimers with both chloride and alkoxide bridging ligands. 125 Furthermore, the dinuclear dimer with -O i Pr is thermally unstable and decomposes to a trinuclear cluster, i.e. triangulo-Pd3( 2 -Dipp--CNAr)3, which acts as a source of monoligated Pd 0 catalyst for Suzuki-Miyaura reactions. In this system, the isocyanate ligand does not decompose during the formation of the trimer, allowing for the recovery of all catalyst. However, formation of trimers may involve ligand decomposition, as observed in the Bora-Negishi reaction using the Pd(Cl)2(PPh3)2 precatalyst. 126 In this case, the amount of [(Ph3P)3Pd3(µ-PPh2)2(µ-Br)] + trimer formed was very sensitive to the concentration of the zinc reagent, varying from 60%, with 0.5 equivalents of Zn, to < 1%, with 2.5 equivalents. This observation was rationalized by means of DFT calculations on the reaction mechanism yielding the trimer, which starts with the comproportionation of the Pd(0) active species with the Pd(II) precatalyst, followed by the oxidative addition of the phosphine P-C bond ( Figure 11 ).
Interestingly, [PPh4]
+ was observed as a side-product of the trimer formation. The oxidation of the phosphine was also observed by Colacot and Schoenebeck during the formation of Pd(I) dimers from Pd(cod)(Br)2 and phosphines. 127 In this case, the addition of 6 equivalents of P 
OFF-CYCLE APPROACH TO NICKEL CATALYSTS
Replacing palladium by nickel in catalytic cross-couplings 128, 129, 130, 131, 132, 133, 134, 135 could make these reactions more sustainable and cost-effective, due to the lower price of the latter metal.
Nickel catalysts are capable of activating aryl sulfamates, 136, 137, 138 which are especially appealing because they can be diversified by selective functionalization prior to cross-coupling. 139, 140, 141 However, nickel catalysts also have disadvantages -the conditions required to achieve high yields are harsher than those of palladium, including the need for higher temperatures and catalyst loadings. Further, compared to palladium, tackling these pitfalls from a mechanistic perspective is more difficult because nickel involves more complicated reaction pathways. Ni(dppf)(Cl). Interestingly, Ni(I) species originated from both Ni(II) and Ni(0) precatalysts; e.g.
26
Ni(dppf)(Cl)(o-tolyl) and Ni(dppf)(ethylene), respectively. In the latter case, the anionic ligand of the Ni(I) species must come from the on-cycle activation of the organic substrates. Further, experiments showed that the formation of the Ni(I) Ni(dppf)(Cl) complex is detrimental, because yields were lower than 1% when it was used as precatalyst under the optimized conditions. In line with this, Ni(dppf)(Cl) was also detected and identified as a non-productive off-cycle species by Yin and co-workers in the coupling of substituted aryl chlorides to (Me4N)SCF3. 144 In contrast with Ni(dppf)(Cl), Ni(dppf)(Cl)(o-tolyl) is a highly active precatalyst, achieving yields over 99%. This complex is activated by transmetallation and reductive elimination yielding the Ni(0) Ni(dppf) species. Ni(dppf) starts the catalytic cycle by oxidative addition, but can also react with the Ni(II) precatalyst to yield Ni(I) species by the comproportionation reaction shown in eq. 3.
In contrast with Ni(dppf)(Cl), the other Ni(I) comproportionation product in eq. (3), Ni(dppf)(o-tolyl), is unstable, undergoing decomposition to toluene and biphenyl side-products detected experimentally ( Figure 12 ). Further, comproportionation may also involve other Ni(II) species, including on-cycle intermediates. This hypothesis was supported for the naphthylsulfamate oxidative addition product, for which naphthalene and dinaphthalene side-products were also observed.
The mechanism shown in Figure 12 was proposed on the basis of these experimental data. The In a combined experimental/theoretical study, Kalvet and co-workers also reported the formation of Ni(I) species in the SCF3-coupling to aryl bromides and iodides catalyzed by Ni(dppf)(cod).
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They postulated a comproportionation mechanism involving the Ni(II) oxidative addition product, Ni(dppf)(Ph)(X). Ni(I) species were isolated and characterized by X-Ray diffraction revealing monomeric and dimeric structures for bromide and iodide, respectively. DFT calculations showed that Ni(I) formation is exoergic for both halogens to an extent similar to that of the chloride. The authors also identified another off-cycle reaction; namely, the -F elimination from the transmetallation Ni(II) Ni(dppf)(Ph)(SCF3) intermediate ( Figure 14 ). The energy barrier of this process is rather large (G ‡ -FE = 23.7 kcal mol -1 ) and higher than that of the reductive elimination yielding the Ph-SCF3 product (G ‡ RE = 16.2 kcal mol -1 ). However, -F elimination is much faster with the Ni(I) off-cycle species, Ni(dppf)(SCF3), which yielded a competitive barrier (G ‡ -FE = 20.6 kcal mol -1 ). Further, the side-product of this reaction, SCF2, deactivates the precatalyst by forming a  2 -bond between the C-S moiety and the metal center.
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The resulting Ni(0) Ni(dppf)(SCF2) complex was characterized by both 31 P-NMR spectroscopy and X-Ray crystallography. This deleterious reaction was excluded by replacing dppf by dmbpy (4,4'-dimethoxybipyridine), which is a  2 -N chelating ligand causing the heightening of the -F elimination barrier to > 23 kcal mol -1 from both the on-cycle Ni(II) and off-cycle Ni(I) species. The formation of off-cycle Ni(I) species from the oxidative addition product was also explored by Bajo and co-workers. 148 They performed systematic kinetic studies showing the dependence of the oxidative addition rate on the nature of X in the p-X,CF3-C6H4 electrophile (X = F, Cl, Br, I, OMe, CO2 t Bu, CO2NEt2, CO3Et, SO3CF3, SO3-p-tol and SO3NMe2). The reaction starts from the Ni(0) Ni(dppf)(cod) complex by a ligand exchange pre-equilibrium replacing cod by
resulting from the comproportionation of Ni(II) and Ni(0), followed by decomposition of the Ni(I)-(p-CF3-C6H4) product. In addition to these species, Ni(I) Ni(dppf)(X) complexes were formed and characterized by EPR spectroscopy. The steric bulk at the ortho position of the aryl ligand had a strong influence on the outcome of this reaction. Catalytic experiments also showed that the propensity towards Ni(I) formation correlates with the homocoupling product yields. Another escape point in the catalytic cycle is the transmetallation step. An experimental study by
Wang and co-workers on the nickel-catalyzed Kumada-Tamao-Corriu (KTC) reaction showed that off-cycle species can originate from an unusual retro-transmetallation step, 149 which had also been observed with palladium complexes. 150, 151, 152 The KTC coupling was used to transform A possible detrimental off-cycle step is the oxidative addition of the reaction product to the catalyst. Dürr and co-workers explored this process for the coupling of (NMe4)SeCF3 to functionalized Ph-X (X = Br and I), by combining experiments with theory. 154 The Ni (0) Ni ( Before closing this section, it is worth noting that mononuclear Ni(I) complexes have also been postulated as on-cycle active species 157, 158 yielding the desired reaction products. E.g., in an experimental/computational study, Lavoie and co-workers 159 showed that a Ni(I)/Ni(III) catalytic cycle 160, 161, 162, 163, 164, 165, 166, 167 can compete with the Ni(0)/Ni(II). 168, 169 These two mechanisms differed in the nature of the rate-determining step, which was either the oxidative addition (Ni(I)/Ni(III)) or the reductive elimination (Ni(0)/Ni(II)). The preference for one of these two mechanisms was seemingly decided by a complex interplay between the nature of the nucleophile, precatalyst and ancillary ligand. Only specific combinations of these three ingredients yielded Ni(I) catalysts superior to their Ni(II) counterparts.
CONCLUSIONS AND OUTLOOK
The works selected in this Perspective show that state-of-the-art experimental and computational methods can be used and combined to determine the off-cycle part of the reaction mechanisms underlying metal-catalyzed cross-coupling reactions. Several off-cycle activation reactions have been characterized, including ligand-to-ligand H-shift, nucleophilic attack of the base and dimer disproportionation. Off-cycle deactivation reactions include monomer comproportionation, singlet-to-triplet spin crossover, decomposition of unstable metal-aryl species, radical halide abstraction, -F elimination, retro-transmetallation and undesired oxidative additions. This rich variety of reactions shows that off-cycle pathways in cross-couplings can originate not only from the active species connected to the precatalyst, but also from other on-cycle intermediates.
Further, whereas some of these reactions are seemingly rather specific (e.g. the decomposition of Ni(I)-aryl intermediates), others appear to be ubiquitous (e.g. dimerization), though they may involve different mechanisms in each case. These reactions also illustrate the fundamental differences between palladium and nickel catalysts. Notably, whereas Pd(I) is mostly relevant in bimetallic complexes, Ni(I) can yield a wide variety of species with different nuclearity and supporting ligands, which can be either on-or off-cycle and have either productive or detrimental effects.
The understanding of the off-cycle mechanisms allows for new catalyst design approaches aimed at promoting activation meanwhile preventing deactivation. These strategies include the stereoelectronic fine-tuning of the ligands to prevent dimerization, the formulation of easily activated dimers and the appropriate choice of reaction conditions (e.g. solvent and base used) and substrates (e.g. compatibility between leaving and functional groups). In this wider mechanistic framework, precatalyst design principles can be formulated in a new modular manner, in which one ancillary ligand (or a part of it) is optimized for the on-cycle part of the mechanism, whereas another is optimized for the off-cycle. A paradigmatic example of this approach is the NHC-Pd-allyl catalytic platform, in which the NHC ligand can be adjusted to promote the transformation of reactants into products, whereas the allyl can be adjusted to accelerate the activation of the precatalyst and to exclude its deactivation by dimerization.
Frontier research in the field of metal-catalyzed cross-couplings remains driven by the need to couple a wider range of substrates with low catalyst loading at mild conditions. Since these three features are strongly connected to both on-and off-cycle reactions, design strategies considering these two dimensions of the mechanism shall make a major contribution to the development of 38 better catalysts. The case of nickel is especially appealing; though more cheap and environmentfriendly than palladium, easy access to multiple Ni(I) species does often undermine catalysis. A deeper understanding of the nickel off-cycle chemistry, including the interplay between the nature of the ligand and the stability of the possible oxidation states, can expand the application range of this metal. This goal is challenged by the experimental difficulties in the isolation and characterization of these species. From a computational perspective, nickel complexes are prone to have multiple electronic states within a narrow range of energies. This prompts the use of accurate quantum mechanics methods, which, ideally, would combine static and dynamic correlation. The use of these accurate methods is encumbered by the high cost of the calculations on large systems based on bimetallic cores supported by bulky ligands. Another issue that should be tackled is the comprehensive exploration of the potential energy surface underlying the offcycle chemistry. In this regard, the novel algorithms for the automated search of reaction pathways show high promise. 170, 171, 172 In summary, the exploration of the off-cycle reactions in cross-coupling reactions has enabled new precatalyst design strategies. These strategies have already contributed to the optimization of existing catalytic systems based on palladium and can play a major role in the development of highly active and robust nickel precatalysts.
